Background: Uniformity of eggs is an important aspect for retailers because consumers prefer homogeneous products. One of these characteristics is the color of the eggshell, especially for brown eggs. Existence of a genetic component in environmental variance would enable selection for uniformity of eggshell color. Therefore, the objective of this study was to quantify the genetic variance in environmental variance of eggshell color in purebred and crossbred laying hens, to estimate the genetic correlation between environmental variance of eggshell color in purebred and crossbred laying hens and to estimate genetic correlations between environmental variance at different times of the laying period.
Background
Animal products require a certain level of homogeneity. In some cases, homogeneity or uniformity has benefits for product processing, e.g. meat [1] , and retailers and their customers usually prefer uniform meat cuts. Eggs need to be uniform with respect to size, weight, and eggshell color in the case of some brown egg markets. Heritabilities for eggshell color are moderate to high, 0.4 to 0.7 [2, 3] ; it should be noted that these heritability estimates were based on averages of a number of eggs collected per hen. Such heritability estimates along with the large genetic variance show that eggshell color can be easily changed by selection in the direction of dark brown or light brown eggs. However, selection on eggshell color does not necessarily make the eggs uniform and to date, there is no evidence that selection for more uniform brown eggs is possible.
Selection for more uniform brown eggs requires the presence of genetic variation in the uniformity of this trait. For several other traits, there is empirical evidence for the existence of genetic variance in environmental variance (V E ). Typically, the genetic standard deviation expressed relative to the mean, i.e. the genetic coefficient of variation (GCV Ve ), is ~0.3 [4] , which indicates that if the selection response in V E is equal to one genetic standard deviation (e.g. a selection intensity of 2.0 and an accuracy of 0.5), then V E would change by 30 %. Heritabilities of V E that are expressed at the individual phenotypic record level are generally low and range from 0.01 to 0.05, while heritabilities of 0.1 were found for within-litter variation of birth weight of piglets [5, 6] or standard deviation of egg weight [7] . In other words, high accuracies of selection could be obtained, at least for selection on the sires. Eggshell color is measured several times during a laying period, which provides the opportunity to study genetic variation in V E of eggshell color at different times of the egg laying period. Genetic variation in V E may differ between laying periods and genetic correlations between V E in different laying periods may differ from 1.
In pigs and poultry, the breeding goals are directed towards increasing performance at the crossbred level, whereas selection is performed at the purebred level. For example, in laying hens recurrent test selection schemes are used to select simultaneously on purebred and crossbred performance. Wei and Van der Werf [8] and Besbes and Gibson [9] found genetic correlations between 0.56 and 0.99 and between 0.8 and 0.94, respectively, for egg laying traits in purebred and crossbred laying hens. In pigs, the genetic correlations between purebred and crossbred performances range for most traits from 0.7 to 0.9 [10] [11] [12] . The genetic correlation between purebred and crossbred performances is the key parameter for determining the need for crossbred information in breeding schemes [13, 14] . The genetic correlation between V E of eggshell color in purebred and crossbred laying hens is, however, unknown.
Therefore, the objectives of this study were to estimate the genetic variance in V E of eggshell color in purebred and crossbred laying hens, to estimate the genetic correlation between V E in purebred and crossbred laying hens and to estimate genetic correlations between V E in different laying periods.
Methods

Data
Eggshell color was measured on individual eggs during four periods on purebred hens (period 1: 25 to 35 weeks, period 2: 36 to 55 weeks, period 3: 56 to 75 weeks and period 4: 76 to 95 weeks of age) and during three periods in crossbred hens (30 to 45, 50 to 65 and 70 to 85 weeks of age). Purebred hens were individually housed, whereas crossbred hens were housed as paternal half-sibs in group cages that contained between four and 17 hens. Eggshell color was measured with a reflectometer (Minolta) using three parameters: L* measures lightness (0 is black; 100 white), a* measures hue as a function of the red-green scale (<0 is green; >0 is red) and b* measures hue as a function of the blue-yellow scale (<0 is blue, >0 is yellow) [15] . The three measures were combined into an eggshell color index as L*-a*-b* and multiplied by 10. Data were collected on purebred hens between 2006 and 2013 and on crossbred hens between 2009 and 2013. The raw data contained 221,467 records for purebreds and 96,106 for crossbreds. For purebreds, we limited the data to have at least five records per hen in order to estimate permanent environmental effects and to have at least 40 daughters per sire resulting in 167,651 records for analysis. For crossbreds, at least 40 records per sire were required resulting in 79,345 records after editing. Crossbred and purebred hens had a sire from the same line, whereas their dams originated from four different female lines. In total, 279 sires had purebred daughters and 880 sires had crossbred daughters, while 71 sires had both purebred and crossbred daughters. The sire pedigree was traced back 5 generations and contained 2491 animals. The summary statistics of the data are in Table 1 . Data showed some skewness and kurtosis.
Estimation of the genetic correlations between purebred and crossbred performance using DHGLM
The main aim was to estimate the genetic correlation between V E eggshell color in purebreds and crossbreds. Due to differences in housing, the definition of V E differed. In purebreds, V E was the within-individual variance of eggshell color because repeated observations per hen were available. In crossbreds, V E contained both within-individual variance and between-hen variance. The between-hen variance was partly due to genetic differences because only the sire was known and to nongenetic effects such as permanent environmental effects. The difference in definition between V E in purebreds and crossbreds may affect the genetic correlation between purebreds and crossbreds. This was further investigated by performing a simulation based on purebred data, see the section 'Effect of different definitions of environmental variance' .
The genetic analysis of V E was based on the double hierarchical generalized linear model (DHGLM) [16, 17] . Here, we extended the model to estimate simultaneously genetic variance in V E in purebred and crossbred laying hens. Because the DHGLM modeled the level and the variance of a trait, the analysis became a 4 × 4 analysis. A sire model was used because the links between purebreds and crossbreds depended on the sires and, in crossbreds, the eggs were collected at the cage level and the hens were housed as paternal half-sibs. For purebreds, we used random permanent environmental effects to account for genetic (dam genetic effect, Mendelian sampling effect, dominance and epistasis) and non-genetic permanent environmental effects. For crossbreds, we used random cage effects to account for potential cage effects. Because for crossbreds, we did not know which hen produced which egg, permanent environmental effects could not be fitted. Therefore, the residual variance of crossbreds contained three-quarters of the additive genetic variance V A (residual variance = V E + 0.75V A ), whereas, in purebreds, this was absorbed by the permanent environmental effect (residual variance = V E = within-individual variance). In Mulder et al. [18] , a sire model adjustment was shown to account for the fact that the residual variance contained three-quarters of the genetic variance. Therefore, we applied the sire model adjustment of Mulder et al. [18] for crossbreds. The bivariate DHGLM becomes:
(1) where y p (y c ) is the vector with eggshell color observations of purebred hens (crossbred hens), y v p (y v c ) is the response variable for the variance model for purebred hens (crossbred hens), X and Z are the design matrices that link observations to fixed effects and sire effects, respectively, V is the design matrix that links the purebred observations to permanent environmental effects, U is the design matrix that links crossbred observations to cage effects, b is a vector of fixed effects, s p , s c , s v p , and s v c are vectors of random sire genetic effects for purebred and crossbred eggshell color and its variance, pe p and pe v p are vectors of random permanent environmental effects for eggshell color and its variance in purebreds, cg c and cg v c are vectors of random cage effects for eggshell color and its variance in crossbreds and e p , e c , e v p , and e v c are vectors of random residuals. For purebreds, the fixed effects were hatch week and laying date. For crossbreds, the fixed effects were line and tier effect nested within the recurrent test. The response variables y v p were linearized working variables following Felleki et al. [17] . In Rönnegård et al. [16] , a Gamma link function was used for the variance model log (φ i ) = log(e 2 i /(1 − h i )), where e 2 i is the squared residual from y i and h i is the leverage, the diagonal element of the hat matrix of y p and y c corresponding to observation i [19] . Felleki et al. [17] showed that instead of using a log link function, log e 2 i /(1 − h i ) can be linearized using the Taylor expansion of the first order by calculating the response variables y v p for obser- was not updated, in which the algorithm differed from [18] . The sire genetic effects were assumed multivariate normally distributed: [18] . The adjustment in W c for crossbreds was to account for the fact that only the V E part of the residual variance was heterogeneous; the adjustment in W v,c was based on the derivation in Mulder et al. [18] . The vectors h p and h c contained the leverage for each purebred and crossbred observation. The model for purebreds was equivalent to Felleki et al. [17] ; the model for crossbreds was equivalent to Mulder et al. [18] The algorithm was run for 100 iterations and parameters showed small changes. The sum of the relative squared differences in estimated values of all variance components between the current and the previous iteration was between 3 × 10 −3 and 1 × 10 −2 for the iterations 51 to 100. In addition, individual parameters showed only minor changes (<5 %). Therefore, we considered that the algorithm converged after 100 iterations.
Estimating genetic correlations between periods
In Eq. 1, a repeatability model was used assuming that eggshell color was genetically the same trait across the whole laying period. Eggs of purebred laying hens were measured during four laying periods and eggs of crossbred laying hens were measured during three laying periods (see Section "Data"). Therefore, bivariate analyses were done to estimate variance components for these different periods and to estimate genetic correlations between periods. We used the final weights and response variables y v p , y v c , W p , W c , W v,p and W v,c from Eq. 1 and used Eq. 1 on subsets of data corresponding to the periods mentioned. The model included the same fixed and random effects as Eq. 1. Note that for the bivariate analyses that involved only laying periods for purebreds, the cage effect was replaced by a permanent environmental effect for the second period and for the bivariate analyses that involved only laying periods for crossbreds, the permanent environmental effect was replaced by a cage effect for the first period. Unfortunately, the analyses between different laying periods of purebred and crossbred laying hens and among laying periods in crossbred laying hens did not converge or had very large standard errors. Therefore, only genetic correlations between different laying periods in purebred laying hens are presented in the "Results" section 'Genetic correlations between different laying periods' .
Effect of different definitions of environmental variance
As described earlier, the definition of V E differed between purebreds and crossbreds. In purebreds, V E was the within-individual variance of eggshell color, because repeated observations per hen were available. In crossbreds, V E contained both within-individual variance and between-hen variance. This difference in definition may affect the size of the genetic variance in V E and the genetic correlation between V E in purebreds and crossbreds. To investigate the effect of this difference in the definition of V E , we performed 20 replicates using purebred data for which half of the daughters of each sire was randomly assigned to individual cages and the other half to multiple-hen cages that contained four hens to mimic the situation of the purebred and crossbred laying hens. We used the model in Eq. 1, except that the fixed effects were only hatch week and laying date. The main parameters were the genetic variances in V E in 'individual cages' and 'multiple-hen cages' , and the genetic correlation between V E in 'multiple-hen cages ' and V E in 'individual cages' . From these analyses and the estimated genetic correlation between V E in purebred and crossbred laying hens, we back-calculated the genetic correlation between V E in purebred and crossbred laying hens when the definition of V E would have been the same, i.e. the within-individual variance (see "Appendix" section). This calculation provided insight into the extent to which the estimated genetic correlation between V E in purebred and crossbred laying hens was due to a difference in definition of V E .
Calculation of genetic parameters
In order to compare our results with data in the literature, we calculated two additional genetic parameters based on the estimated variance components, i.e. the heritability of V E at the individual record level (h 2 v ) and the genetic coefficient of variation for V E (GCV Ve ) [4] . The h 2 v can be used to calculate the accuracy of selection and GCV Ve indicates how much V E can be changed by selection [20] . The h 2 v is defined as the regression of the breeding value for V E on the squared phenotypic deviation as an analogy of the normal heritability using an additive model for V E [20] . The calculation was done following [21, 22] , for details see the Appendix in [21] . The GCV Ve was calculated as:
Standard errors of h 2 v and GCV Ve were calculated using Taylor series approximations. Derivations are shown in the "Appendix". Fortran code is provided in Additional file 1.
Results
Summary of the phenotypic data
Eggshell color was approximately normally distributed with small skewness and kurtosis (Table 1 ; Fig. 1 ). The deviation from normality was slightly greater for crossbred laying hens. Means and standard deviations were similar for eggs of purebred and crossbred laying hens.
Genetic variation in eggshell color and its environmental variance
The variance components for eggshell color itself are in Table 2 and for V E in Table 3 . Heritabilities of 0.32 and 0.39 were found for eggshell color of purebreds and crossbreds, respectively. For purebreds, permanent environmental effects explained a large proportion of the phenotypic variance even after subtracting three quarters of the genetic variance (16.7 %), i.e. the additive genetic variance due to dam and Mendelian sampling. For crossbreds, cage explained a relatively small proportion of the variance (5.2 %). For V E , genetic coefficients of variation ranged from 0.26 to 0.28, which indicates that V E could be changed by 26 to 28 % when changing V E with one genetic standard deviation. Heritabilities for V E (h 2 v ) were equal to 0.01. Standard errors on estimated variance components and derived parameters were small. These estimated genetic variances in V E of eggshell color in purebred and crossbred laying hens indicate that there are opportunities for genetic improvement of uniformity.
Genetic correlations between purebreds and crossbreds
The genetic correlation between purebred and crossbred eggshell color was equal to 0.86 (Table 4) , which indicates that eggshell color is genetically very similar in purebreds and crossbreds. For V E , the genetic correlation was equal to 0.70 and indicated that V E in purebreds and crossbreds is genetically similar but more different than eggshell color itself. Genetic correlations between eggshell color and V E were about zero in purebreds and positive in crossbreds. Covariances between eggshell color and V E were significantly different between purebreds and crossbreds (p < 0.001; two-sided t test, approximate test assuming normality of the test statistic [23] ). In purebreds, selection for a lower eggshell color score (darker brown eggs) does not change V E , while in crossbreds, selection for a lower eggshell color (darker brown eggs) results in a lower V E , i.e. higher uniformity.
Genetic correlations between different laying periods
In purebreds, we investigated the genetic correlations between different laying periods in purebred laying hens ( Table 5 ). The genetic variance for V E was smallest in the early laying period, whereas it was approximately constant in mid and late laying periods. Genetic correlations between periods were higher than 0.86, except between periods 1 (25 to 35 weeks of age) and 3 (56 to 75 weeks of age) and between periods 1 (25 to 35 weeks of age) and 4 (76 to 95 weeks of age). This indicates that V E is approximately the same trait across laying periods, except for the early laying period.
Effect of different definitions of environmental variance
The results of simulations to test the effect of different definitions of V E are in Table 6 . The genetic correlation between individual cages and multiple-hen cages for V E was equal to 0.73, i.e. slightly higher than the genetic correlation between purebreds and crossbreds for V E . If the definition of V E for purebreds and crossbreds had been identical, i.e. the within-individual variance based on individual cages, then the genetic correlation between V E in purebreds and crossbreds would have been equal to 0.95 using Eq. 17 of the "Appendix". Furthermore, we found that the genetic variance in V E (0.14) almost doubled for multiple-hen cages compared to individual cages (0.077) and in crossbreds (0.067). This seems to indicate that the between-individual component of V E may have a genetic component. The genetic variance of the betweenindividual component of V E was equal to 0.064, using Eq. 16 of the "Appendix", which was almost as large as the genetic variance in V E for the within-individual component of V E , e.g. in purebreds that were in individual cages. Furthermore, using Eq. 15 ("Appendix"), the genetic correlation between within-individual and between-individual components of V E was equal to −0.01, which indicates that these two parts of V E were genetically different traits. These simulations show that the deviation from 1 of the correlation between purebreds and crossbreds was mainly caused by the difference in definition of V E for individually-housed purebred hens and crossbred hens housed in multiple-hen cages. The correlation between purebreds and crossbreds is proportional to the square root of the ratio of the within-individual component of V E and the sum of within-individual and between-individual components of V E assuming that the genetic correlation between both components is zero ("Appendix").
Discussion
Genetic variance in uniformity
In this study, we estimated the genetic variance in V E of eggshell color in purebred and crossbred laying hens as well as the genetic correlations between V E in purebred and crossbred laying hens and between V E in different laying periods. The DHGLM methodology was extended to a bivariate version to analyze eggshell color and its V E as separate traits in purebred and crossbred laying hens.
To the best of our knowledge, this paper reports the first estimates of genetic variance for V E of eggshell color in purebred and crossbred laying hens. Estimates in purebreds and crossbreds were similar and slightly higher in purebreds than in crossbreds. The genetic coefficient of variation (GCV Ve ) was close to the median value found for other traits in other species [4] . The heritability of V E was low, but comparable to those reported in other recent studies [5, 18, 24] . The low heritability indicates that large volumes of data are needed to obtain accurate breeding values for V E . It should be noted that the heritability is at the individual record level and therefore estimating a breeding value for V E based on a single observation is not accurate. For instance, according to Tukey's rule, estimating variances with the same accuracies as for the means requires five times more observations [25] . With repeated observations, alternatively one can analyze the log variance or the standard deviation of egg color, similar to Wolc et al. [7] . When performing a genetic analysis using the log variance in purebreds, a genetic variance of 0.097 and a heritability of 0.15 were found. Due to the use of the log variance, the estimate of the genetic variance can be compared to the estimate from DHGLM, because both assume an exponential model for V E [5] . The heritability estimate of 0.15 is low to moderate and comparable to the heritability of number of eggs produced during a 2-week period in the first month of egg production [26] . This simple analysis shows good prospects for the estimation of EBV for V E . The difference in heritabilities between the DHGLM and the simple analysis is due to the difference in trait definition: the trait definition used
Table 6 Genetic variance in environmental variance in multiple-hen cages and the genetic correlations with individual cages for eggshell color
Comparison of 20 replicates (mean and standard deviation) between purebreds and crossbreds a For purebreds, in individual cages, the environmental variance contains only within-individual variance, whereas the environmental variance in multiple-hen cages (also crossbreds) contains within-individual variance and between-individual variance, i.e. different definitions of environmental variance b Here the interest lies in the genetic correlation between individual variance in purebred and crossbred laying hens, i.e. equal definition of environmental variance. Therefore, the expected genetic correlation in the purebred simulations is 1.00. Based on this assumption, Eq. 17 can be used to calculate the estimated genetic correlation between within-individual variance in purebred and crossbred laying hens in the DHGLM is based on the individual record level, whereas that in the simple analysis is based on the logvariance of about 10 repeated observations. Both analyses gave similar estimates of genetic variance, but a very different view on the heritability. Note that the DHGLM is better capable of adjusting for systematic environmental effects such as the day of egg laying than the simple method and will yield similar accuracies of EBV [5] . Thus, we advocate that the heritability on the individual record level should be used only to calculate the accuracy of selection, otherwise it may give a misleading judgment on the size of the genetic variance. From evolutionary genetics, we know that the heritability is a poor predictor for response to selection, because it does not directly indicate how much the trait mean can be changed by selection [27, 28] . Therefore, one needs to know how large the genetic variation is relative to the trait mean, i.e. the genetic coefficient of variation (GCV) (σ A /µ) [28] . To interpret the size of the genetic variance in V E , we recommend the use of GCV Ve , because it gives an indication of the potential response to selection in V E . For instance, if the response to selection is one genetic standard deviation downward (e.g. selection intensity is 2.0 and accuracy is 0.5), than V E is reduced by 26 to 28 % if GCV Ve is equal to 26 to 28 %.
The DHGLM model
For crossbreds, we used the sire model adjustment [18] to account for the fact that the residual variance contains three-quarters of the genetic variance of eggshell color itself. Simulations showed that standard DHGLM would underestimate the genetic variance in V E and the proposed adjustment resulted in unbiased estimates of genetic variance [18] . In this study, when we used the standard DHGLM, the genetic variance in V E was indeed less than with the adjusted DHGLM, but the difference in estimates was smaller than theoretically expected. This may indicate that the Mendelian sampling variance is heterogeneous between sires. Disentangling Mendelian sampling variance and V E is, however, impossible for the crossbred data in this dataset. Although the genetic variance changed when using either standard DGHLM or adjusted DHGLM, the estimated genetic correlation between V E in purebred and crossbred layer hens was the same. The genetic analysis that considered the different laying periods as separate traits revealed that except for the early laying period, eggshell color and its V E are genetically very similar traits across the whole egg laying period. Thus, except for the early laying period, a repeatability model seems justified for the other later laying periods. Random regression models such as test-day models [29, 30] could be used to model with greater flexibility the genetic variance-covariance structure along the laying period. It should be noted that such models are much more demanding and the increase in accuracy is probably limited.
The definition of environmental variance
Based on the simulations in purebreds, we concluded that the genetic correlation between V E in purebred and crossbred laying hens (r pc ) deviated from 1 mainly because of a difference in definition of V E . Surprisingly, the genetic variance in V E was almost doubled when analyzing the purebred data as if they were in multiple-hen cages. This indicated that some genetic variance in the between-individual variance contributed to V E . Because in our simulations, we used records on purebred laying hens that were individually housed, the between-individual variance was due to differences in permanent environmental effects and the non-explained additive and non-additive genetic differences between individuals. In [4] , a genetic model for both genetic differences in V E and the permanent environmental variance was postulated, although no scientific evidence was available at that time. To our knowledge, these results suggest, for the first time, the existence of a genetic component in the between-individual variance of V E . Although, we observed an increase in genetic variance in V E when assuming that the purebreds were in multiple-hen cages, we did not observe such an increase in genetic variance in V E between crossbreds and purebreds. This may suggest that the between-individual component of V E in crossbreds is different from that in purebreds, e.g. that it is more related to interactions between hens rather than differences in permanent environmental variance. For instance, within-individual and between-individual components of V E may be negatively correlated and thus there would be no increase in genetic variance in V E (see "Appendix" for the genetic model). From a scientific point of view, it is interesting to disentangle the genetic correlation between purebreds and crossbreds that is partly due to a difference in definition of V E and partly due to the genetic correlation between within-individual variance in purebreds and crossbreds. These simulations in purebreds not only show the need for a proper definition of V E , but also that it might be interesting to study the genetics of the between-individual component of V E . Furthermore, from a breeding goal point of view, increasing uniformity of eggs between hens is as important as improving uniformity within hens. However, no statistical methodology is available to estimate genetic variance for the between-hen (effectively the permanent environment effect) and the within-hen component of V E and therefore the back-calculation method as described in the last section of the "Appendix" was used to provide insight into the contributions of both components.
Estimation of genetic correlations between purebreds and crossbreds for uniformity
To the best of our knowledge, this is the first time that genetic correlations between purebred and crossbred laying hens for V E and genetic correlations between V E for different laying periods are reported. The genetic correlation between purebred and crossbred performance (r pc ) is the key parameter that determines the need for crossbred information in purebred selection when crossbred performance is the breeding goal [14] . In our study, we found an r pc of 0.86 for eggshell color and 0.70 for V E . One might expect r pc to be very similar for eggshell color and V E . In addition to the difference in definition of V E , the lower r pc for V E might be due to V E being more sensitive to genotype-by-environment interaction than eggshell color itself. Purebreds are housed in a highly hygienic nucleus environment, whereas crossbreds are kept in a production environment. Therefore, crossbreds are likely to be more challenged by environmental disturbances such as diseases. These differences in environment may contribute to a genotype-by-environment interaction component in the estimate of r pc and may affect V E more than eggshell color itself.
Designs to estimate r pc for V E require large amounts of data due to the low heritability of V E . The equation to approximate the standard error for r pc presented by Bijma and Bastiaansen [14] was used to search for designs that result in a standard error as low as 0.1 when r pc = 0.7 and h 2 v = 0.01, ignoring cage or permanent environmental effects. With 500 sire families, approximately 270 purebred and crossbred offspring per family are required for traits that are measured only once, whereas with 200 sire families, about 500 purebred and crossbred offspring per family are required. Thus large datasets with more than 200,000 records would be needed. Therefore, for traits that are measured only once per animal, such as growth rate in pigs, it might be challenging to obtain such large data sets. Fortunately, for such traits h 2 v seems larger [4, 31] . When the h 2 v is equal to 0.03 instead of 0.01, about 170 purebred and crossbred offspring from 200 sire families are required alleviating the requirements on the size and structure of the dataset. With repeated observations such as eggshell color, fewer offspring per family are required. With 10 repeated observations, approximately 60 purebred and 60 crossbred offspring per sire are required with 200 sire families. It can be concluded that for estimating r pc for V E , very large datasets are needed.
In this study, the DHGLM methodology was used to estimate the genetic correlation between V E in purebreds and crossbreds, but the same methodology can be used to estimate the genetic correlation between V E in different environments to investigate genotype-by-environment interactions. In a previous study [21] , we investigated V E for fish raised in fresh and seawater and found genotype-by-environment interactions for V E , especially after log-transforming the data. Due to different micro-environmental factors in these environments, genotype-byenvironment interactions for V E may arise. The method of Bijma and Bastiaansen [14] can be used to design experiments or to evaluate how datasets should be created to estimate genotype-by-environment interactions for V E .
Implications for breeding
The estimates of genetic variance for V E found in this study are encouraging for the genetic improvement of uniformity of eggshell color. From a trait point of view, there is probably more interest in improving uniformity than in changing eggshell color itself. The breeding goal is to have dark brown eggs with high uniformity. This means that the eggshell color index should have low values and little variation. Furthermore, eggshell color should not change too much during the whole laying period. Recurrent testing is common practice in laying hens and crossbred information will increase the accuracy of selection, especially for males. Although estimates of r pc are high, combined crossbred and purebred selection is expected to result in a higher response to selection than purebred selection [32] , but also to increased costs of recording. When using standard selection index equations to predict the accuracy of EBV with a single source of information, the accuracy of purebred females based on 10 own repeated observations would be equal to 0.27. For sires, an accuracy of about 0.7 would be found when measuring about 500 eggs of half-sib offspring and about 0.8 when measuring 1000 eggs. If the best 15 % of the sires are selected with an accuracy of 0.7 and the best 20 % of the hens with an accuracy of 0.27 and GCV Ve = 0.28, the selection response would lead to a reduction of 19 % in V E and 10 % in V P (Table 2) after one generation of selection, which opens up good prospects for selection on uniformity in agreement with earlier studies [20, 33] . Such selection would increase the uniformity of eggs; in other words, the frequency of extremely dark brown eggs or white eggs would be lower. Because of the positive genetic correlation between eggshell color and its V E in crossbred laying hens, selection on uniformity would yield darker brown eggs because the eggshell color value would decrease as a correlated response.
In addition to selection on uniformity in the pure lines, uniformity at the producer level could be achieved by selecting sires and dams as parents for the crossbreds on their EBV for V E . Furthermore, one could select sires and dams with minimal genetic differences in eggshell color, i.e. similar EBV for eggshell color itself. It should be noted, however, that offspring still show genetic variation in eggshell color due to prediction error variance of EBV and Mendelian sampling. However, selection on lower V E in pure lines is favored, because it would result in a permanent increase in uniformity of eggshell color in purebreds and crossbreds.
Conclusions
The genetic coefficients of variation for V E of eggshell color in purebred and crossbred laying hens ranged from 26 to 28 %. The genetic correlation between purebred and crossbred V E of eggshell color was 0.70. The deviation from 1 of this genetic correlation is mainly due to a difference in the definition of V E between purebred and crossbred hens. This indicates that there is some reranking of sires for V E of eggshell color in purebred and crossbred laying hens. Genetic correlations between V E of eggshell color in different laying periods were generally higher than 0.85, except between early laying and mid or late laying periods. The results indicate that there are good opportunities to improve uniformity of eggshell color in purebreds and crossbreds by genetic selection, ideally with combined crossbred and purebred selection. The methodology that we developed here can be used to estimate genetic correlations between purebreds and crossbreds for uniformity of other traits or species such as pigs.
Appendix: Approximate standard errors for derived genetic parameters h 2 v and GCV Ve
Approximate standard errors for h 2 v and GCV Ve were derived using Taylor series approximations as shown in Lynch and Walsh [23] . Because h 2 v is a ratio [20, 21] , we derive the sampling variance of the nominator and the denominator and subsequently the sampling variance of the ratio of the nominator and denominator. The nominator of h 2 v is the additive genetic variance for V E on the Contribution of the difference in definition of V E to the genetic correlation between purebred and crossbred V E Purebred hens were in individual hen cages and crossbred hens were in multiple-hen cages. This difference in housing led to a difference in the definition of V E . The aim here was to investigate the contribution of the difference in definition of V E to the genetic correlation between purebred and crossbred V E (r A vpc ). Because of the different housing systems, V E of purebreds consisted of within-individual variance whereas V E of crossbreds was the sum of within-individual and between-individual variance. Based on simulations with purebred data, we observed that the genetic correlation between V E of hens in individual cages and V E of multiple-hen cages was only slightly higher than the r A vpc , which indicated that the difference in definition of V E had a large contribution to r A vpc . Using the results of the purebred simulations and some algebra, we derived the genetic correlation for V E between purebreds and crossbreds when the definition of V E was within-individual variance in both purebreds and crossbreds (r A vw,pc ). The difference between r A vw,pc and r A vpc indicates the contribution of the difference in definition of V E to the genetic correlation between purebred and crossbred V E .
We assumed that the within-individual variance was partly determined by its additive genetic effect A v w with variance σ 2
A vw
. Because in purebreds, V E was only the decreases, while r A v,pc = r A vw,pc if σ A vw,c = σ A vc ,which occurs when genetic variation in between-individual variance is absent. In summary, there would be no effect of different definitions of V E on r A vpc , when genetic variation in the between-individual component of V E is absent. However, if genetic variation in the between-individual component of V E exists, the genetic correlation between purebreds and crossbreds is affected not only by the genetic correlation between within-individual variance in purebreds and crossbreds, but also by the proportion of genetic variance in within-individual variance and between-individual variance. for providing constructive comments on the effect of different definitions of V E on the genetic correlation between V E of purebred and crossbred laying hens.
